ABSTRACT Various studies have examined the relationships between vibrios and the environmental conditions surrounding them. However, very few reviews have compiled these studies into cohesive points. This may be due to the fact that these studies examine different environmental parameters, use different sampling, detection, and enumeration methodologies, and occur in diverse geographic locations. The current article is one approach to compile these studies into a cohesive work that assesses the importance of environmental determinants on the abundance of vibrios in coastal ecosystems.
INTRODUCTION
Aquatic systems are occupied by many bacterial species that have yet to be fully detected and characterized by scientists. Included in these is a population of Vibrio spp., which are Gram-negative curved bacilli that possess polar and lateral flagella that help cycle carbon in the ocean. Vibrios are halophilic and some species are more tolerant of, and reliant on, the higher salinities found in the open ocean than others. The three main human pathogens are Vibrio parahaemolyticus, Vibrio cholerae, and Vibrio vulnificus. V. parahaemolyticus and V. vulnificus are more predominant causes of illness in the US, while V. cholerae is more predominant in developing countries.
In humans, pathogenic vibrios are mainly responsible for wound infections, gastroenteritis, and sepsis. The three main human pathogens express a variety of virulence factors, including cholera toxin (1), thermostable direct hemolysin or tdh (2), tdh-related hemolysin, pili (3) , and type three secretion systems (4), among others. In addition, certain serotypes of V. cholerae and V. parahaemolyticus, and certain genotypes and biotypes of V. vulnificus, are significantly more associated with human illness than others. For example, the V. cholerae O1 and V. parahaemolyticus O3:K6 serotypes have been associated with global pandemics (5, 6) , and the V. vulnificus genotype C and biotypes 1 and 2 have been associated with human illness (7) .
Several studies have addressed the ecology of pathogenic vibrios, including their relationships with environmental factors such as temperature and salinity. A more thorough understanding of how pathogenic vibrios interact with, and respond to, their surrounding environment will improve on the characterization of this genus. Moreover, if it is possible to discover what combinations of environmental parameters are indicative of dangerous levels of pathogenic vibrios, then it may be possible to prevent human illness by more accurately identifying and reporting these conditions and making this information publicly available. This approach is made even more appealing by the growth of remote sensing and improvement of remote sensing algorithms (8) . The use of remote sensing to identify harmful conditions in real time could make it possible to predict the risk of human illness in countries without access to microbiology laboratories and molecular tools.
This article aims to spotlight research that has investigated the relationships between vibrios and environmental parameters.
RELATIONSHIPS WITH ENVIRONMENTAL PARAMETERS
Several studies have examined the relationships between vibrios and environmental parameters (9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19) . The strongest and most consistently correlated environmental factor has been temperature. Other parameters have been examined and very sophisticated models have been developed to compare Vibrio densities to environmental factors (20, 21, 22, 23, 24) . There have been a number of different methods used to enumerate vibrios in the environment, including culture-based and nonculture-based methods. There have also been variations in study design, methodological approaches, geographical considerations, temporal and spatial intensities, and statistical analyses, to name a few. The variations between studies make overarching conclusions challenging; however, it is possible to identify some general trends among these studies. To account for interstudy variability, indicators of correlation (e.g., regression coefficients, correlation coefficients, R 2 , pseudo-R 2 , and other values) will be listed independently for each study in the tables below.
Temperature
Temperature has been the best-studied environmental determinant with respect to abundance of vibrios in aquatic environments. Seasonal fluctuations in Vibrio abundance and in human cases of Vibrio infection were among the first observations made about these organisms. Temperature is the most stable and the most predictable environmental parameter, and it is also the most convenient to measure globally using remote sensing.
Vibrio cholerae
Even before virulence factors were described, seasonal trends in cholera infections in humans were identified. Cases of cholera have been positively correlated to temperature globally. Cholera cases have been positively correlated to temperature in Peru (25) , Bangladesh (26, 27, 28) , India (29) , and Zambia (30) . Several studies have addressed the relationship between environmental parameters and total V. cholerae in the environment. Densities of total V. cholerae in water have been positively correlated to temperature in coastal North Carolina (31) , in eastern Mexico (32) , in California (33) , and in northern India (34) , with varying degrees of importance, that is, r values, R 2 values, and other metrics (listed in Table 1 ). A 2007 study identified an effect of temperature and other parameters on the presence of accessory metabolic genes in V. cholerae (35) . A 2013 study used temperature and chemical oxygen demand to develop a predictive model for V. cholerae in seawater with a high R 2 value of 0.952, indicating the importance of temperature and organic nutrients on V. cholerae abundance in this study (36) .
Experimental approaches varied among these four studies. For example, detection methods included filtration plus 32 P colony blots, ELISA detection of cholera toxin, colony morphology plus V. cholerae-specific PCR of 16S rRNA intergenic spacer, and biochemical characteristics plus serotyping and ompW genotyping, respectively (31, 32, 33, 34) . Sampling intensities were monthly at seven locations for 12 months, monthly at two locations for 13 months, monthly at six locations for 11 months, and biweekly at eight locations for 12 months, respectively. Other parameters that varied among these studies included salinities, hydrology, nutrients, and various physical characteristics, as these studies were conducted in geographically unique regions of the world. However, general trends concluded that temperature is universally important in the abundance of V. cholerae in the water column.
Although most studies have focused on V. cholerae in the water column, as this is the most common route of exposure, there have been additional studies that investigated V. cholerae in other sample types. Total V. cholerae in oysters, for example, have also been positively correlated to temperature in oysters in Mexico (32) . Densities of potentially pathogenic V. cholerae, for example, populations possessing pandemic serotypes and/or virulence factors such as cholera toxin, have been positively correlated with temperature in coastal Peruvian waters (25) , in Mexican waters and oysters (32) , and in Bangladeshi waters (26) ( Table 2) .
Vibrio parahaemolyticus
V. parahaemolyticus in various niches has been correlated with temperature. Total V. parahaemolyticus in water has been positively correlated with temperature in the northern Gulf of Mexico (37, 38, 39) , Maryland (40) , North Carolina (31), Chesapeake Bay (41), Washington (37), Oregon (42), Japan (43) , France (44, 45) , India (46) , and Germany (47) ( Table 3) . Total V. parahaemolyticus in other sample types has also been examined; temperature has been positively correlated with total V. parahaemolyticus in oysters (37, 38, 39, 42, 48, 49) and in sediment (31, 37, 41, 42, 47) . In ASMscience.org/MicrobiolSpectrum
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addition, microcosm studies exposing V. parahaemolyticus to Thailand prawns identified a temperature effect and indicated 10°C as a minimal temperature for V. parahaemolyticus that can also be used for treating prawns (50) . In addition to total V. parahaemolyticus, populations carrying virulence factors have also been examined. Temperature has been positively correlated with potentially pathogenic V. parahaemolyticus carrying trh and/ or tdh in water (37, 45) and in sediment (37) (Table 4) . Surprisingly, few studies have identified this trend in oysters. One study of Alabama oysters identified a general trend in which the percentage of V. parahaemolyticus carrying trh decreased as temperatures increased (39) . Several studies have demonstrated that temperature and salinity inside oysters are very similar to those outside of the oyster, but there are other factors to consider when relating pathogens in oysters to temperature, including resident microbial flora and the oyster's immune system, as well as physical factors outside the oyster, including depth, rainfall, and turbidity.
Vibrio vulnificus
Several studies have investigated the relationship between temperature and total V. vulnificus. Total V. vulnificus has been correlated with temperature in water (31, 37, 38, 43, 47, 51, 52, 53, 54, 55) , in oysters (37, 38, 41) , and in sediment (37, 41, 47) (Table 5) . As with other studies, there were wide ranges of sampling and detection approaches but the importance of temperature was consistent.
Other vibrios
In addition to the three main human pathogens, some studies have also examined the relationships of temperature with total vibrios or with vibrios that are nonhuman pathogens. This is important given that horizontal gene transfer in aquatic systems can play major roles in the vibrio population; for example, a mobile virulence factor may be taken up by and removed from vibrios not typically associated with virulence in humans (2). Positive correlations with temperature have been described for V. harveyi in Japanese waters (56) ( Table 6 ). A seasonal relationship between temperature and Vibrio alginolyticus was described in Seattle, WA, in 1970 (57) . Most studies addressing temperature have focused on total vibrios in water samples. Although these studies have not focused on the top three human pathogens, they are important because they shed light on the ecology of naturally occurring vibrios and because of the relationships with pathogens with which they may exchange genetic material. Positive relationships have been described between temperature and total vibrios in the waters of Germany (58, 59) , North Carolina (31, 55, 60, 61) , the country of Georgia (62), the state of Georgia (63), Italy (64, 65) , South Africa (66), and Germany (47). Interestingly, negative correlations have also been described between temperature and total vibrios in the waters of India (46, 67) and Louisiana (68) . Temperature has also been positively correlated to total vibrios in mussels (59) and sediment (47, 64, 69) . A 2003 study identified a distinct temperature effect when Vibrio coralliilyticus infected the coral Pocillopora damicornis; V. coralliilyticus pathology was higher at 27°C and 29°C than at 25°C (70) . A 1989 study of Vibrio mimicus in Bangladeshi and Japanese waters indicated a temperature effect in the detection of V. mimicus and also implicated 10°C as a cutoff below which isolation greatly decreased (71) .
Salinity
Like temperature, salinity is also frequently and easily examined in coastal environments. V. cholerae is more tolerant of low-salinity/freshwater systems than V. parahaemolyticus and V. vulnificus (72) . In some studies, salinity does not vary enough to identify a meaningful relationship between vibrios and salinity. Salinity effects are often very complex, and can include covariance with other parameters, which makes it difficult to fully discern the relationships between salinity and vibrios in the environment.
Vibrio cholerae
V. cholerae in Chesapeake Bay has been demonstrated to have an optimal salinity range of 4 to 17 ppt (73) ( Tables 1 and 2 ). Salinity has been positively correlated (34, 74) and negatively correlated (33) with total V. cholerae in water. Salinity has been positively correlated with potentially pathogenic V. cholerae in water (26, 75) and with cholera cases in humans (26) .
Vibrio parahaemolyticus
In water samples, salinity has been correlated positively with total V. parahaemolyticus in some studies (38, 46, 76) and negatively correlated in other studies (77) ( Tables 3 and 4 ). Similar findings have been reported in oysters, in which some correlations are positive, yet others are negative (37, 38, 48, 76, 78) . Positive correlations have been reported in sediment (37, 38, 45) . Relationships between salinity and potentially pathogenic have been predominantly positive (38, 76) with one exception in water (76) . These relationships demonstrate the complexity of salinity as an environmental 
Vibrio vulnificus
Relationships between salinity and V. vulnificus have also been bidirectional. Positive correlations (38, 51, 54, 55) and negative correlations (54, 79) have been described in water, oysters, and sediment (41, 80) ( Table  5 ). V. vulnificus in Chesapeake Bay was correlated with lower salinities in a 1996 study (81).
Other vibrios
One study of water in China identified a positive relationship between salinity and a V. alginolyticus-like species (82) and one study of sediment identified a positive relationship between salinity and total vibrios (64) ( 
Turbidity
Turbidity (as indicated by Secchi disk readings, photometric readings, and measurement of suspended particulate matter) has been demonstrated as an important factor related to Vibrio abundance in aquatic systems (88) . Turbidity can serve as an indicator of organic content, sediment resuspension, and plankton blooms, among others (75, 84, 88) . The increased content in the water column serves to increase the surface area to which vibrios may attach, which may then lead to increased Vibrio abundance in the water column because vibrios are more frequently found in attached form than in a planktonic state (89, 90) .
Vibrio cholerae
No studies were identified in this literature review that identified significant relationships between V. cholerae and turbidity, and the reason for this is not entirely clear. Among the studies that examined turbidity, several did not target or detect V. cholerae, while others focused on total vibrios. A 1979 study in Chesapeake Bay (73) identified a correlation between total V. cholerae and suspended matter with a value of 0.18, but the value was not statistically significant. A 2008 North Carolina study examined V. cholerae and turbidity, but V.
cholerae was detected infrequently and at low densities (31) ( Tables 1 and 2) . A 2012 study (75) found that although V. cholerae densities did not significantly correlate with suspended particulate matter, the correlation between V. cholerae and chitin was highest when V. cholerae and suspended particulate matter (SPM) levels were highest.
Vibrio parahaemolyticus
Turbidity has been correlated with total V. parahaemolyticus in water (31, 37, 40, 41, 46, 76) , oysters (37, 38) , and sediment (31, 37, 38, 41) (Tables 3 and 4) . Turbidity has also been correlated with potentially pathogenic V. parahaemolyticus in water (37, 38, 76) , oysters (37, 38, 76) , and sediment (37, 38) .
Vibrio vulnificus
Several studies have described significant relationships between turbidity and V. vulnificus. Turbidity as indicated by SPM measurements was correlated with V. vulnificus in North Carolina waters with an R 2 value of 0.26724 (31) ( Table 5 ). A 1998 study identified a correlation between turbidity and V. vulnificus (91) in which total suspended solids accounted for 29% of the V. vulnificus variability in New Hampshire. A 2014 study identified significant positive relationships between turbidity and V. vulnificus in water, oysters, and sediment (41).
Other vibrios
Turbidity has been correlated to total vibrios in water (31, 46, 59, 60, 61, 66, 67, 73, 92, 93) and sediment (64) ( Table 6 ). These studies have been conducted in India, South Africa, Germany, Italy, and the United States, including North Carolina and Maryland.
Nutrients
In many studies, nutrients have included carbon, nitrogen, phosphorus, and other forms of nutrients that may be used by vibrios. Nutrient concentrations in waterways are higher following rainfall and subsequent runoff events (84) .
Vibrio cholerae
Ammonia nitrogen has been negatively correlated with total V. cholerae in North Carolina waters (31) with an R 2 value of −0.38327 (Tables 1 and 2 ). Potentially pathogenic V. cholerae in water was positively correlated with chitin (r=0.62) and with phosphate (r=0.57) (75) . An in vitro study concluded that the dissolved organic matter that follows a phytoplankton bloom ASMscience.org/MicrobiolSpectrum
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can support explosive V. cholerae growth in the water column (94) .
Vibrio parahaemolyticus
Ammonia nitrogen has been negatively correlated with total V. parahaemolyticus in water (R 2 =−0.41661) (31) (Tables 3 and 4) . Biochemical oxygen demand has been positively correlated with total V. parahaemolyticus in water (r=0.371) (77) and dissolved organic carbon (DOC) has been correlated with total V. parahaemolyticus in oysters (pseudo-R 
Vibrio vulnificus
Similar to V. parahaemolyticus, ammonia nitrogen has been negatively correlated with total V. vulnificus in water (R 2 =−0.64429) (31) ( Table 5) . Few other studies have identified significant relationships between nutrients and V. vulnificus densities.
Other vibrios
Several studies have examined the relationships between nutrients and total or other vibrios. The directions of the relationships have been mixed. Nutrients have been positively correlated with total vibrios in water (46, 59, 60, 61, 64, 67, 83, 92) , in sediment (47) , and in oysters (92) ( Table 6 ). Nutrients have also been negatively correlated with total vibrios in water (31, 58, 59, 61, 67, 83) and in mussels (59) .
Pigments
Pigments are often used as indicators of phytoplankton and as water quality parameters (95) . In aquatic systems, phytoplankton are often consumed by zooplankton, which carry vibrios attached to their surfaces; thus, phytoplankton could serve as indicators of Vibrio presence.
Vibrio cholerae
Chlorophyll concentration has been positively correlated with total V. cholerae in water (r=0.42) (34) ( Tables 1  and 2) . A 2012 remote sensing study identified a positive relationship between remotely sensed chlorophyll and cholera cases (r=0.81) (96) . Few additional studies have examined the relationship between pigments and cholera. This is surprising given that pigments are globally detectable via remote sensing and given the likelihood of human exposure to cholera via exposure to water as compared to other potential transmission vectors such as oysters (1) . It is possible that this is due to the difficulty in isolating sufficient densities of V. cholerae in the water column. This may also be due to terrestrial interference of remote sensing data when examining coastal regions, as many V. cholerae populations are highest in near-shore areas.
Vibrio parahaemolyticus
Pigments have been positively correlated with total V. parahaemolyticus in mussels (45) , sediment (37) , and water (46) (Tables 3 and 4) . Pigments have been negatively correlated with potentially pathogenic V. parahaemolyticus in water (38) and positively correlated with potentially pathogenic V. parahaemolyticus in oysters and sediment (37) .
Vibrio vulnificus
The relationship between pigments and V. vulnificus has also been examined. Chlorophyll levels have been positively correlated with V. vulnificus in water (r=0.537) (51), oysters (regression coefficient b=1.3), and sediment (b=1.1) (38) ( Table 5 ). In a 2014 study, chlorophyll was negatively correlated with V. vulnificus in water samples (55) .
Other vibrios
The relationships between pigments and total or other vibrios have been bidirectional. Positive correlations have been described for total vibrios in water (58, 61, 67) and sediment (64) ( Table 6 ). Negative and positive correlations have been described for a V. alginolyticuslike species (82) . Positive relationships between chlorophyll and total Vibrio spp. have been described in water samples in India (46) and negative relationships have been described in water samples from North Carolina (55).
Physical Determinants
Physical determinants including wind, tidal fluctuations, rainfall, and sea surface height have been described in relation to vibrios. Very few studies have examined the relationships between Vibrio abundance and physical determinants, but several data sets are available that may be retroactively accessed in the future. Rainfall in Bakerganj, Bangladesh, has been correlated with potentially pathogenic V. cholerae in a river (r=1.73) and a lake (r=1.72) (26) ( Table 2) . Rainfall in Chhatak, Bangladesh, has been correlated with potentially pathogenic V. cholerae in a river (r=2.08) and three ponds (r values included 1.74, 1.77, and 1.80) (26) . A 2013 study identified a positive correlation between global irradiance and total V. parahaemolyticus in water samples in Germany (47) . A 2014 study identified negative correlations between tidal height and total V. parahaemolyticus in water and sediment samples in Chesapeake Bay (41) . Physical determinants have also been correlated with V. vulnificus in sediment (41) and with total vibrios in water and sediment (47, 67) (Tables 5 and 6 ).
Plankton
Phytoplankton are preyed upon by zooplankton, which carry vibrios (26, 97, 98, 99, 100) . Thus, both phytoplankton and zooplankton serve as determinants of Vibrio presence and abundance. Removal of zooplankton greatly decreases the abundance of these pathogens, which greatly decreases risk; indeed, use of multiple layers of sari cloth is an elegant and affordable method of reducing cholera risk in developing countries (101) .
Vibrio cholerae
Plankton densities have been correlated with potentially pathogenic V. cholerae (26) (Tables 1 and 2 ). Copepods were correlated with potentially pathogenic V. cholerae in a Bakerganj, Bangladesh, lake (r=1.53), in a Matlab, Bangladesh, river (r=1.19), pond (r=1.27), and lake (r=1.36), and in a Chaugachha lake (r=1.75). A 2004 V. cholerae study also identified significant relationships between temperature and phytoplankton (25) .
Vibrio parahaemolyticus
Plankton densities have been correlated with total V. parahaemolyticus in water (46, 102) (Tables 3 and 4 ). In the waters of Spain, copepods, cladocerans, jellyfish (cnidarians), and larvae of the marine bivalve lamellibranchia explained 29.6%, 39.6%, 42%, and 27.3% of the V. parahaemolyticus variance, respectively. Cladocerans have been confirmed as reservoirs for V. cholerae and may even be more frequent vectors than copepods (102) .
Vibrio vulnificus
Plankton density in the water column has not been significantly correlated with V. vulnificus, although V. vulnificus has been demonstrated to attach to zooplankton (103) . It is possible that V. vulnificus ecology is sufficiently distinct from V. cholerae and V. parahaemolyticus that V. vulnificus does not respond to the same parameters. It is also possible that the relationship is more complex and has not yet been described.
Other vibrios
Plankton has been correlated to total vibrios in water (67, 83) (Table 6 ). In Indian water samples, total vibrios correlated with densities of diatoms (r=∼0.12, as r values were visually interpreted from graphs and are therefore estimates), copepods (r=∼0.08), heterotrophic flagellates (r=∼0.03), and ciliates (r=∼0.03). In a 2014 study of Indian water samples, total vibrios were positively correlated with diatom biovolume and copepod densities but negatively correlated with dinoflagellate densities (46) .
pH
Aquatic pH is not particularly variable, as most aquatic systems are well-buffered, but pH may shed light on Vibrio abundance. Aquatic pH has been positively correlated with total V. cholerae in India (r=0.23) (34) and in Chesapeake Bay (74) and negatively correlated with total V. cholerae (104) in Japan (r=−0.79) ( Table 1) . pH has been negatively correlated with total V. parahaemolyticus in water in Chesapeake Bay (r=−0.89) (73) ( Table 3) . pH has been positively correlated with V. vulnificus in Texas waters (r=0.104) (52) and in North Carolina sediment (R 2 =0.31) (31), and pH has been shown to exhibit significant effects on in vitro growth rates of V. vulnificus (7) ( Table 5) . pH was negatively correlated with densities of both total V. parahaemolyticus and total vibrios in Indian water samples (46) . pH has been positively correlated with total vibrios in water (60, 66, 67, 92) and negatively correlated with a V. alginolyticus-like species in waters in China (82) ( Table 6 ).
Dissolved Oxygen
Dissolved oxygen is required for bacterial respiration in aquatic systems; bacterial densities in hypoxic systems, such as those dominated by overgrowth of phytoplankton and vegetation, are decreased. However, as a metric for bacterial respiration, which can decrease dissolved oxygen levels, dissolved oxygen levels have been shown to be inversely correlated with Vibrio levels. This makes sense, as elevated oxygen levels are indicative of lower bacterial respiration levels. Dissolved oxygen has been negatively correlated with total V. cholerae in North Carolina waters (R 2 =−0.4316) (31) and positively correlated with potentially pathogenic V. cholerae in Bangladeshi waters (r=1.51) (26) ( Tables 1  and 2 ). Dissolved oxygen has been positively correlated with total V. parahaemolyticus in Chesapeake Bay waters (r=0.3489) (40) and negatively correlated with total V. parahaemolyticus in North Carolina waters (R 2 =−0.4161) and in Indian waters (31, 46) and Indian sediment (41) (Tables 3 and 4) . Dissolved oxygen has been negatively correlated with V. vulnificus in North Carolina and Texas waters (31, 52, 53) (Table 5) . Dissolved oxygen has been negatively correlated with total vibrios in North Carolina and Indian waters (31, 46, 61, 67) and positively correlated with total vibrios in South African waters (66) ( Table 6 ).
Bacterial Species
Vibrios are likely to respond to, or be associated with, many of the same environmental cues as other aquatic bacterial species. As members of the heterotrophic bacterial community, vibrios respond to environmental stimuli and contribute to the cycling of carbon in aquatic systems.
Vibrio cholerae
Total bacterial counts have been correlated with total V. cholerae in water (31, 33, 77, 104) (Tables 1 and 2 ). In a North Carolina study, total V. cholerae have been correlated with densities of total vibrios (R 2 =0.75285), V. vulnificus (R (33) and with densities of fecal coliforms (r=0.82) and total vibrios (r=0.74) (104) in Japan. Total V. cholerae in Indian waters were correlated with densities of total coliforms (r=0.3), fecal coliforms (r=0.558), E. coli (r=0.303), Shigella (r=0.555), Salmonella (r = 0.476), Proteus/Klebsiella (r=0.428), total vibrios (r=0.912), V. parahaemolyticus (r=0.670), fecal streptococci (r=0.595), and Pseudomonas aeruginosa (r=0.624) (77) . Total bacterial counts have been correlated with potentially pathogenic V. cholerae in Bangladeshi waters (26) .
Vibrio parahaemolyticus
Total V. parahaemolyticus in Chesapeake Bay waters have been correlated with total vibrios (r=0.80) and with fecal and total coliforms (r=0.71) (73) (Tables 3 and 4) . Total V. parahaemolyticus in North Carolina waters have been correlated with total vibrios (R 2 =0.62203), V. vulnificus (R 2 =0.71993), V. cholerae (R 2 =0.57683), total coliforms (R 2 =0.62927), and E. coli (R 2 =0.46744) (31) . A 2014 study also identified a positive correlation between total V. parahaemolyticus and total bacteria in Indian water samples (46) .
Vibrio vulnificus
V. vulnificus has been correlated with total bacterial counts in the waters of New Jersey (r=0.684) (51) 
Other vibrios
Total bacterial counts of non-Vibrio species have been positively correlated with total Vibrio counts in water (31, 46, 59, 60, 62, 66, 67, 73, 82, 92) and negatively correlated with vibrios counts in water (61) ( Table 6 ). In addition, total bacterial counts were also positively correlated with total vibrios in mussels (59) and oysters (92) .
SUMMARY
Overall, temperature has been the most well-documented environmental factor associated with Vibrio spp. In most studies that included temperature, it was at least as important as the other factors studied, and it has often been the only statistically significant factor that was associated with vibrios. Given that Vibrio densities are so closely linked to temperatures in aquatic systems that have climate change implications (1, 105, 106, 107, 108, 109, 110) , and given that increased global populations will likely lead to further cholera infections, in addition to increased frequency and speed of global mobility, more studies are needed that address the potentially pathogenic subpopulations of Vibrio spp., particularly V. cholerae, as well as including those that have not yet caused high rates of human illness. A major challenge is the fact that potentially pathogenic vibrios, that is, those carrying virulence factors, such as cholera toxin and tdh, are often below the detection limit of most studies, even when filtration methods are used.
Salinity was also important with respect to Vibrio abundance in several studies. Although the studies described here reported both positive and negative correlations between vibrios and salinity, the most likely scenario is a quadratic relationship in which there are optimal salinities in each niche for each species under specific ecological conditions. The precise relationship between vibrios and salinity is also likely complicated by collinearity with other parameters. For example, following a rain event, salinity decreases, which may create more optimal conditions for Vibrio growth; however, the same rain may also cause other impacts, such as runoff of nutrients and organic material that can serve as attachment and food sources for vibrios. Although turbidity did not appear to be associated with V. cholerae in the studies reported here, nutrients were associated with potentially pathogenic V. cholerae, as were physical aspects such as rainfall. Turbidity was significantly associated with total and potentially pathogenic V. parahaemolyticus and with V. vulnificus in various niches. Similarly, there were numerous instances of significant correlation with other bacteria. This was not surprising because coliforms and other aquatic species may respond to the same environmental stimuli as do Vibrio spp.
There are several challenges in characterizing vibrios, particularly V. cholerae in developed countries where cholera infections are so rare. The bacterial densities are often below most studies' limits of detection, thus leading to an over-representation of total populations without sufficient in-depth characterization of subpopulations that harbor potential virulence factors. Although it is tempting to extrapolate from the more well-characterized total populations, the potentially pathogenic subpopulations do not represent a static percentage of the totals. For example, in some coastal locations, such as the Gulf of Mexico, tdh-positive V. parahaemolyticus populations may be as low as 1%, while in other locations, such as the Pacific Northwest, the tdh-positive populations may be as high as 30% (37) . In addition, there is a high rate of heterogeneity, particularly in coastal systems. For example, V. parahaemolyticus densities can vary greatly in oysters collected at the same time from the same location (111); one highly contaminated oyster can alter the averaged Vibrio densities.
Covariance is also an important consideration when developing models that incorporate multiple parameters. For example, in a 2012 study that used principal components analysis to determine the contributions of individual environmental factors, it was found that turbidity inversely correlated with salinity because seston content was lower when waters were diluted (65) . Thus, the relationship between vibrios and turbidity in this case was deemed as indirect and secondary to the more dominant factors, temperature and salinity. Similarly, chlorophyll's impact was minimalized because of the codependence of phytoplankton on seasonality, and dissolved oxygen could not be distinguished from chlorophyll as oxygen is produced as a result of photosynthesis. Similar observations have been made by others (59, 63, 67, 74, 84, 112, 113) .
The importance of remote sensing as the field moves forward cannot be understated. Use of remote sensing technology continues to grow, and algorithms continue to be refined (8, 97, 114) . Global, real-time access to coastal ecology data will make it feasible to detect and predict when environmental conditions will be favorable for vibrios. Another challenge is the wide range of information available in a wide range of studies that use a wide range of methodologies. It would be beneficial to create an algorithm that could combine these diverse and course data into a single ecological model that could be used globally. In addition, many next generation methods have made tremendous strides in assessing changes in gene expression following exposure to conditions mimicking coastal niches in vitro. However, it will be exciting as we transition to in situ exposures in the field, as there are likely micronutrients, physical stressors, and temporal switches in the coastal environment that are not necessarily reproducible in a laboratory setting.
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